Nitric oxide (NO)-releasing interneurons are believed to regulate the activity of striatal medium spiny neurons (MSNs) that contain the NO effector enzyme guanylyl cyclase (GC). The involvement of NO-GC signaling in modulating steady-state membrane activity of striatal MSNs was examined using in vivo intracellular recordings in rats. Intrastriatal infusion of a neuronal NO synthase inhibitor or a NO scavenger via reverse microdialysis consistently decreased the amplitude of spontaneously occurring depolarized plateau potentials (up events). Intrastriatal infusion of a NO scavenger also decreased the amplitude of EPSPs evoked during electrical stimulation of the orbital prefrontal cortex. The effect of the NO scavenger on spontaneous up events was partially reversed by coperfusion with a cell-permeable cGMP analog. Intracellular injection of MSNs with a soluble GC inhibitor resulted in large decreases in the following: (1) spontaneous up-event amplitude, (2) responsiveness to depolarizing current, (3) action potential amplitude, and (4) input resistance. These effects were partially reversed by coinjection of cGMP. Conversely, intracellular injection of a phosphodiesterase inhibitor increased MSN neuron membrane excitability. These results indicate that, in the intact animal, the NO signaling pathway exerts a powerful tonic modulatory influence over the membrane activity of striatal MSNs via the activation of GC and stimulation of cGMP production.
Introduction
Evidence has accumulated demonstrating that striatal nitric oxide (NO)-generating interneurons exert a powerful influence over striatal function (Kawaguchi, 1997; Calabresi et al., 2000a; West et al., 2002a) . NO is a gaseous neurotransmitter produced by nitric oxide synthase (NOS) after NMDA receptor activation and intracellular calcium influx (Marin et al., 1992; East et al., 1996) . NO diffuses freely through biological membranes and stimulates guanylyl cyclase (GC) and other effector enzymes located in presynaptic and postsynaptic elements (Garthwaite and Boulton, 1995) . Within the striatal complex, type 1 (neuronal) NOS activity is primarily responsible for the generation of NO and is localized exclusively to a subclass of aspiny interneurons that colocalize somatostatin, neuropeptide Y, and GABA (Kubota et al., 1993; Kharazia et al., 1994) .
Ultrastructural studies of striatal NOS-containing interneurons have reported that NOS-containing terminals synapse on dual-input dendritic spines of striatal medium spiny neurons (MSNs) known to contain high levels of GC, cGMP-dependent protein kinase (PKG) , and other components of the cGMP signaling system (Ariano, 1983; Sancesario et al., 2000; Hidaka and Totterdell, 2001) . Additionally, the close proximity of these nitrergic inputs to the dopaminergic and glutamatergic synapses of MSNs (Hidaka and Totterdell, 2001) suggests that NO transmission may play an important role in modulating the responsiveness of MSNs to afferent drive (for review, see West et al., 2002a) . In support of this, recent electrophysiological studies have demonstrated that NO-GC signaling modulates corticostriatal synaptic plasticity in vitro (Calabresi et al., 1999a (Calabresi et al., ,b, 2000b and glutamate-induced excitations in vivo (Di Giovanni et al., 2003) . NO generation, produced after the activation of corticostriatal pathways, is also critically involved in mediating electrotonic coupling between MSNs (O'Donnell and Grace, 1997) . Recent studies showing that striatal NO regulates the responsiveness of midbrain dopamine (DA) neurons to electrical stimulation of the striatum and prefrontal cortex (PFC) also indicate that NO signaling plays an important role in the integration of information transmitted to basal ganglia output centers via corticostriatal and striatal efferent pathways (West and Grace, 2000) .
Currently, however, it is not known how activation of striatal NO-GC signaling pathways affects the steady-state membrane activity of MSNs recorded in vivo. When recorded in the intact animal, MSNs often exhibit characteristic shifts in membrane potential consisting of a depolarized plateau potential or up state and a hyperpolarized resting membrane potential termed the down state (Wilson, 1993; O'Donnell and Grace, 1995; Wilson and Kawaguchi, 1996) . Although the up state is known to be driven by GLUergic afferents (Wilson, 1993; O'Donnell and Grace, 1995) and potently modulated by DA receptor activation (West and Grace, 2002a) , the impact of intrinsic neuromodulatory circuits on up-and down-state membrane properties is unknown. In the current studies, we use in vivo intracellular electrophysiological recording methods and reverse microdialysis to study the role of nitrergic systems in regulating the membrane activity of striatal MSNs. The current data demonstrate that striatal NO production modulates the membrane properties of striatal MSNs in the up and down states via the activation of the GC pathway.
A portion of these results has been presented in preliminary form Grace, 2001, 2002b; West et al., 2002a) .
Materials and Methods
Materials. Carboxy PT-10 potassium (CPT-10), 8-bromo-cGMP (8-BrcGMP), and cGMP were purchased from Sigma (St. Louis, MO). 7-Nitroindazole sodium (7-NI) was purchased from Calbiochem (La Jolla, CA). 1 H- [1, 2, 4] Oxadiazolo [4,3-a] quinoxalin-1-one (ODQ) and zaprinast were purchased from Tocris Cookson (Ellisville, MO). All of the other reagents were of the highest grade commercially available.
Subjects and surgery. Intracellular recordings of striatal neurons were obtained in vivo from male Sprague Dawley rats (Hilltop, Scottdale, PA) weighing 275-450 gm. Before experimentation, animals were housed two per cage under conditions of constant temperature (21-23°C) and maintained on a 12 hr light/dark cycle with food and water available ad libitum. All of the animal procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee and adhere to the Guide for the Care and Use of Laboratory Animals published by the United States Public Health Service. Before surgery, animals were deeply anesthetized with chloral hydrate (400 mg/kg, i.p.) and placed in a stereotaxic apparatus (Narishige, Tokyo, Japan). The level of anesthesia was periodically verified (every 10 -15 min) via testing for the hindlimb compression reflex and maintained using supplemental administration of chloral hydrate (80 mg/ml) via a lateral tail vein catheter (ϳ0.2 ml/0.5 hr). Temperature was monitored using a rectal probe and maintained at 37°C with a heating pad.
Intracellular recordings. Intracellular recording was performed using microelectrodes filled with a potassium acetate (3 M) solution containing 2% biocytin as described previously (West et al., 2002b; West and Grace, 2002) . Cell penetrations were defined as stable when the cell exhibited a resting membrane potential of at least Ϫ60 mV, fired action potentials having amplitudes of at least 45 mV with a positive overshoot, and fired a train of spikes in response to membrane depolarization. After impaling a neuron, membrane activity was allowed to stabilize for several minutes until a steady state was reached. Baseline membrane activity was then recorded for at least 5 min after which the response to intracellular injection of hyperpolarizing and depolarizing currents was determined. In some experiments, drug was injected into the cell via the recording electrode using brief depolarizing pulses (ϳ20 -50 pA; 150 msec) delivered during cell stabilization and before the 5 min baseline recording period. When possible, after experimental manipulations, cells were injected with biocytin (ϳ10 -60 min) via application of depolarizing pulses (ϳ0.5 nA; 300 msec) through the recording electrode. After withdrawing the electrode from the cell, the extracellular electrode tip potential was recorded, and membrane potential measurements were corrected accordingly.
Data analysis. Data were analyzed off-line using Neuroscope software applications developed in our laboratory and using an Intel-based microcomputer with a data acquisition board interface (Microstar Labora- Figure 1 . Intracellular recordings from striatal neurons located proximal to the microdialysis probe. A, Coronal section (5ϫ) of the striatum demonstrating the location of a striatal neuron (arrow) labeled after intracellular biocytin injection (enlarged to 40ϫ in the inset). Note that the neuron was located proximal (50 -100 m) to the active zone of the microdialysis probe (extends dorsally 4 mm from the termination point of the probe track). ac, Anterior commissure; D, dorsal; M, medial. B, Intracellular recordings from the striatal neuron labeled in A revealed that this cell did not fire spontaneously but did exhibit membrane activity characterized by rapid and spontaneous transitions from a hyperpolarized state to a depolarized plateau. Inset, Example of a time interval plot of membrane potential activity (30 sec recordings sampled at 10 kHz) recorded from the neuron shown in A. C, Left, In the same cell, intracellular injection of 150-msec-duration constant hyperpolarizing current pulses (bottom traces) induced deflections in the membrane potential (top traces). Right, A plot of the steady-state voltage deflections against the current pulse amplitudes taken from recordings shown on the left, revealing an input resistance of 18.3 M⍀ for this neuron.
tories, Bellevue, WA). In within-subjects experiments combining microdialysis, basal activity and the influence of local drug infusions were determined by comparing the membrane potential activity recorded during the last 30 -60 sec of the 5 min artificial CSF (aCSF) (control) infusion period, with similar recordings made during drug infusions (see below). In between-subjects experiments in which drug was delivered into the striatum via reverse microdialysis or injected directly into the cell, the influence of drug was determined by comparing basal and evoked activity in experimental groups to time-matched controls injected with vehicle [0.5% dimethylsulfoxide (DMSO)]. In all of the cases, the existence of bistable membrane activity was determined as described previously (O'Donnell and Grace, 1995; West et al., 2002b; West and Grace, 2002) . Briefly, the presence of a bistable event was defined as a Figure 2 . Intrastriatal infusion of the neuronal NOS inhibitor 7-NI decreases the amplitude of spontaneous up events in vivo. A, Top, During aCSF (vehicle) infusion, the majority of striatal neurons exhibited rapid spontaneous shifts in steady-state membrane potential and bimodal membrane potential distributions (inset, 30 sec recordings sampled at 10 kHz) in the absence of spontaneous spike discharge (top trace). Bottom, All of the neurons (n ϭ 4) recorded during local 7-NI infusion (300 M; 10 -60 min) still exhibited up-and down-state activity (bottom trace); however, a significant decrease in the up-state amplitude was observed. Arrows indicate the membrane potential at its maximal depolarized and hyperpolarized levels. B, Left, The mean Ϯ SEM up-state amplitude was reduced after intrastriatal 7-NI infusion (n ϭ 4; *p Ͻ 0.05; paired t test). The mean Ϯ SEM up-state duration (center) and frequency of occurrence (right) was not affected by intrastriatal 7-NI infusion (n ϭ 4; p Ͼ 0.05; paired t test). A, Top, During aCSF (vehicle) infusion, the majority of striatal neurons exhibited rapid spontaneous shifts in steady-state membrane potential and bimodal membrane potential distributions (inset, 30 sec recordings sampled at 10 kHz) in the absence of spontaneous spike discharge (top trace). Bottom, All of the neurons (n ϭ 5) recorded during local CPT-10 infusion (1 mM; 5-35 min) still exhibited up-and down-state activity (bottom trace); however, a significant decrease in the up-state amplitude was observed. Arrows indicate the membrane potential at its maximal depolarized and hyperpolarized levels. B, Left, The mean Ϯ SEM up-state amplitude was reduced after intrastriatal CPT-10 infusion (n ϭ 5; *p Ͻ 0.05; paired t test). Right, The mean Ϯ SEM up-state duration (center) and frequency of occurrence (right) was not affected by intrastriatal CPT-10 infusion (n ϭ 5; p Ͼ 0.05; paired t test).
rapid transition in membrane potential to a depolarized plateau potential exhibiting an amplitude Ն7 mV (range, 8.3-32.8 mV), which was maintained for at least 100 msec. Time interval plots of membrane potential activity (30 -60 sec recordings sampled at 10 kHz) recorded from neurons exhibiting bistable activity were generated. From these plots, the up-and down-state modes, average membrane potential, and maximal depolarized and hyperpolarized membrane potentials within the distribution were determined. The frequency of up (depolarized) events per 30 sec sample was determined, with the amplitude of up events measured from the beginning of the rising phase to the peak of the depolarization plateau. The duration of up events was measured from the beginning of the rising phase to the point at which the falling phase returned to the initial baseline membrane potential. Input resistance of each neuron in the down state was calculated by injecting a series of hyperpolarizing current pulses intracellularly (150 msec; 0.1-1.5 nA) and plotting the resulting membrane deflections against the amplitude of the current pulse (see Fig. 1C , right). The resulting data points were then fitted to a least squares regression line, and the input resistance was estimated from the slope of the lines. Rheobase current was defined as the minimum depolarizing current required to evoke a spike. The spike threshold, spike amplitude, spike duration, spike overshoot, and afterhyperpolarization were determined from the first spike evoked at each depolarizing current level. The spike threshold was visually identified as the change in slope evident at the transition from the graded depolarization to the onset of the rapid depolarizing phase of the spike. Spike amplitude was defined as the difference in voltage between the spike threshold and spike peak. Spike duration was measured from the spike threshold to the point at which the falling phase of the action potential returned to the membrane potential at spike threshold. The afterhyperpolarization was measured from the spike threshold membrane potential to the peak hyperpolarization reached during the falling phase of the action potential. EPSP amplitudes were measured from the beginning of the rising phase to the apex of the depolarization. EPSP duration was measured from the beginning of the rising phase to the point at which the falling phase returned to the initial pre-rising-phase membrane potential. In studies using single-pulse stimulation protocols, data were expressed as percentage of maximal response evoked by 1000 A stimulus intensities. In paired-pulse studies, data were expressed as percentage of the amplitude of the first (control) EPSP of the pair evoked by 1000 A stimulus intensities. The statistical significance of drug-induced changes in measures of cell activity before and after drug administration was determined using a paired t test or two-way repeated measures ANOVA in withinsubjects studies, or a t test or ANOVA with post hoc Dunnett's or Dunn's test in between-subjects studies as indicated.
Electrical stimulation. In each experiment, twisted-pair bipolar stimulating electrodes (Plastics One, Roanoke, VA) were implanted into the orbital prefrontal cortex (oPFC) (coordinates, 3.5-4.2 mm anterior to bregma; 0.8 -2.2 mm lateral to midline; 3.0 -4.5 mm ventral to brain surface) ipsilateral to the recording electrode. Stimulation sites in the medial, ventral, and ventrolateral orbital PFC were selected on the basis of the results of striatal retrograde and anterograde tracing (Deniau et al., 1996) and electrophysiological Grace, 2000, 2002; West et al., 2002b) studies. Single or paired pulses (interstimulus interval, 50 -100 msec) of electrical stimuli with durations of 200 -250 sec and intensities between 0.2 and 1.0 mA were generated using a Grass stimulator (S88) and photoelectric constant current/stimulus isolation unit (PSIU6F; Grass Instruments, Quincy, MA) and delivered at a frequency of 0.2 Hz.
Simultaneous microdialysis and intracellular recording. Concentric microdialysis probes (Bioanalytical Systems, West Lafayette, IN) having 3-4 mm of exposed membrane (diameter, 320 m; permeability, ϳ6000 Da) were implanted into the dorsal striatum (coordinates, 0.1-0.7 mm anterior to bregma; 2.0 -3.5 mm lateral to midline; 5.5-6.5 mm ventral to brain surface) over a 25-30 min period (3-4 m/sec) as described previously (West et al., 2002b; West and Grace, 2002) . After implantation, probes were perfused with aCSF containing (in mM): 145 NaCl, 2.7 KCl, 1.0 MgCl 2 , 1.2 CaCl 2 , 2.0 NaH 2 PO 4 , and 2.0 Na 2 HPO 4 , at a rate of 2 l/min using a Bioanalytical Systems Baby Bee microperfusion pump as described previously (West and Galloway, 1997) . Electrophysiological recordings were initiated ϳ2-4 hr after probe implantation. Electrodes were positioned to enter the brain surface ϳ1 mm lateral to the probe and lowered at a 10°angle. The distance between the recording electrode at the surface of the brain and its final position near the center of the exposed length of the dialyzing membrane was estimated to be ϳ4.6 mm. The changeover from aCSF to drug infusion during the microdialysis procedure was accomplished using a liquid switch (Carnegie Medicine/ Bioanalytical Systems). Once drug was on board for ϳ5 min, basal membrane activity before and during intracellular current injection was recorded in the presence of drug. It is estimated that the time elapsed between the switch from aCSF to drug and the beginning of drug infusion into the brain was ϳ4 min (taking into account the dead space in the microdialysis inlet tubing). To ensure that drug was being delivered into the brain during a given recording period, the dialysis tubing dead space (8 l) and perfusate flow rate (2 l/min) were taken into account, and syringes containing drug were switched 4 min before the initiation of basal activity assessment. All of the drugs delivered via reverse microdialysis were soluble in aCSF. Effective doses of CPT-10, 7-NI, 8-Br-cGMP, cGMP, zaprinast, and ODQ were derived from previous studies (West and Galloway, 1997; Wexler et al., 1998; Calabresi et al., 1999a Calabresi et al., ,b, 2000b West and Grace, 2000; West et al., 2002a) .
Histology. After experimentation, animals were deeply anesthetized and perfused transcardially with ice-cold saline followed by 4% paraformaldehyde in 0.1 M PBS. Brains were then removed and postfixed in 4% paraformaldehyde-PBS for at least 1 week. After this period, brains were immersed in PBS-sucrose solution (25%) until saturated. The tissue was sectioned into 60 m coronal slices, mounted, and stained with cresyl violet to enable histological determination of stimulating-and recording-electrode sites. In cases in which cells were injected intracellularly with biocytin through the recording electrode, tissue sections were processed for biocytin immunoreactivity as described previously (West et al., 2002b) .
Results
Intracellular recordings were made from 59 striatal neurons recorded in 40 rats. From the above groups, 23 biocytin-stained neurons (39%) were recovered and localized to the dorsal striatum. In experiments combining intracellular recordings and microdialysis, the somata of all of the recovered neurons were estimated to lie within a distance of ϳ500 m from the microdialysis probe track (Fig. 1) . In several cases, biocytin-immunoreactive processes were found to lie in close proximity to the microdialysis probe track (Ͻ50 m).
Electrode and microdialysis probe placement
In cells responding to synaptic activation, all of the stimulatingelectrode tips implanted into the cortex were confirmed to lie in the PFC between ϳ3.5 and 4.2 mm anterior to bregma, 0.8 and 2.2 mm lateral to the midline, and 3.0 and 4.5 mm ventral to the dural surface (Paxinos and Watson, 1986) . In experiments com- bining intracellular recordings and microdialysis, identified probe tips were confirmed to lie within the dorsal striatum between ϳ0.5 mm posterior and 1.9 mm anterior to bregma, 2.0 and 4.2 mm lateral to the midline, and 5.0 and 7.5 mm ventral to the dural surface (Paxinos and Watson, 1986) . In cases in which biocytin-stained neurons or recording-electrode tracks could be identified, they were observed to lie within the striatal coordinates reported for the above probe tip placements in the vicinity of the dialysis probe track (Ͻ0.5 mm). Moreover, the observation that the majority of striatal neurons tested responded to local drug infusions also demonstrated that the soma or dendritic processes of the recorded neuron came into contact with the perfused drug. Given that the current study and others have shown that neurons recorded in the vicinity of the microdialysis probe exhibit electrophysiological characteristics similar to their counterparts in the intact animal, it is unlikely that the dialysis procedure significantly impacts on the natural activity of the recorded neuron (West et al., 2002b; West and Grace, 2002) .
Effects of disrupting striatal nitrergic signaling on the basal and evoked activity of MSNs recorded in vivo
To determine the effects of endogenous NO tone on spontaneous membrane activity, MSNs were recorded before and after local perfusion of the neuronal NOS inhibitor 7-NI (300 M) or the NO scavenger CPT-10 (1 mM). In these withinsubjects studies, successful recordings of activity before and after drug infusions were obtained for n ϭ 9 cells (nine rats). The majority of the neurons in this group (eight of nine) did not exhibit spontaneous action potential discharge during aCSF or NO antagonist infusion. Intrastriatal NO antagonist infusion did not have a significant impact on up-state event duration or frequency (Figs. 2, 3) ( p Ͼ 0.05; paired t test). However, the amplitude of spontaneously occurring up events was significantly reduced during NO antagonist infusion (Figs. 2, 3) ( p Ͻ 0.05; paired t test).
To examine the potential effects of electrical stimulation of the oPFC on cells during aCSF and CPT-10 infusion (five cells; five rats), a series of single or paired pulses of stimuli (200 sec; 0.2 Hz) were delivered at gradually increasing stimulus intensities (0.2-1.0 mA). Stimuli delivered using higher current amplitudes (0.8 -1.0 mA) evoked EPSPs exhibiting rapid-onset latencies (ϳ3-5 msec) that typically reached maximal amplitude and did not increase additionally when higher amplitude pulses were delivered. Analyses of EPSP characteristics revealed that intrastriatal CPT-10 infusion produced a decrease in the amplitude of EPSPs evoked at higher (0.8 and 1.0 mA) current intensities (Fig. 4 A, B) (F ϭ 8.5; p Ͻ 0.05; two-way repeated-measures ANOVA with Dunnett's post hoc test; p Ͻ 0.01; n ϭ 5). Additionally, a decrease in EPSP duration evoked by 1000 A pulses was observed after intrastriatal CPT-10 infusion (Fig. 4 A, C) (F ϭ 5.9; p Ͻ 0.05; two-way repeated-measures ANOVA with Dunnett's post hoc test; p Ͻ 0.05; n ϭ 5). There were no significant differences in the average Figure 6 . Intrastriatal infusion of CPT-10 modulates the membrane activity of striatal neurons in manner that is partially reversed by coperfusion with a cell-permeable cGMP analog. Striatal neurons were recorded after intrastriatal infusion of either aCSF (control), the NO scavenger CPT-10 (1 mM), or CPT-10 (1 mM) plus the cell-permeable cGMP analog 8-Br-cGMP (2 mM). A, Left, After aCSF infusion (5 min), striatal neurons (n ϭ 11) exhibited typical rapid spontaneous shifts in steady-state membrane potential. Right, Time interval plots of membrane potential activity recorded from control neurons demonstrated bimodal membrane potential distributions indicative of bistable membrane activity. B, Left, Similar to within-subjects studies, striatal neurons recorded after CPT-10 infusion (5 min) exhibited significantly lower amplitude up events compared with controls. Right, Time interval plots of membrane potential activity recorded from neurons recorded after CPT-10 infusion demonstrated bimodal membrane potential distributions. C, Left, Striatal neurons recorded after CPT-10 and 8-Br-cGMP infusion (5 min) exhibited high amplitude up events and higher rates of spontaneous spike discharge. Right, The membrane potential distribution of neurons recorded after CPT-10 and 8-Br-cGMP infusion was more depolarized than controls (Table 1) . D, Left, The mean Ϯ SEM up-state amplitude was reduced after CPT-10 infusion in a manner that was partially reversed by inclusion of 8-Br-cGMP in the perfusion buffer (n ϭ 8 -11 cells; *p Ͻ 0.05; ANOVA with Dunnett's post hoc test). Right, The mean Ϯ SEM up-state duration was not significantly altered by either drug treatment (n ϭ 8 -11 cells; p Ͼ 0.05; ANOVA with Dunnett's post hoc test).
onset latency of EPSPs or the membrane potential before electrical stimulation ( p Ͼ 0.05; data not shown).
The impact of intrastriatal CPT-10 infusion on paired-pulse facilitation of synaptic responses was also examined in betweensubjects studies (seven cells; five rats). Pairs of equal-amplitude stimuli (1.0 mA) delivered at interpulse intervals of 50 and 100 msec produced consistent enhancements in the second of two synaptic responses in a subpopulation of neurons recorded during either aCSF or CPT-10 infusion (Fig. 5A) . Neurons in both groups also occasionally exhibited paired-pulse facilitation of spike activity in response to pairs of electrical stimuli delivered at interpulse intervals of 50 and 100 msec (Fig. 5B) . Comparisons of EPSP ratios across groups revealed that neurons recorded during intrastriatal CPT-10 infusion exhibited smaller facilitatory synaptic responses (paired-pulse ratios) to paired stimuli compared with control neurons (Fig. 5C ) ( p Ͻ 0.05; t test; n ϭ 3-4).
To control for potential recording-time effects on membrane activity, increase the drug concentration at the recording site, and allow for a more thorough examination of the effects of NO antagonism on the membrane activity of MSNs in a larger population of neurons, additional studies were performed using a between-subjects design. In these studies, basal and evoked activity were recorded intracellularly in vivo in control neurons (aCSF; n ϭ 11) and cells recorded during intrastriatal infusion of the NO scavenger CPT-10 administered alone (n ϭ 10) or in combination with the cell-permeable cGMP analog 8-Br-cGMP (n ϭ 8). Striatal neurons in both aCSF control and drug groups often exhibited spontaneous shifts in membrane potential from a hyperpolarized state to a depolarized plateau (Fig. 6) . Intrastriatal CPT-10 infusion did not affect the frequency or duration of spontaneous up-state events (Fig. 6 A, B ; Table 1 ) ( p Ͼ 0.05). However, as observed in within-subjects studies, the amplitude of spontaneously occurring up events was significantly reduced in neurons recorded during CPT-10 infusion (Fig. 6 A, B There was no significant effect of either drug treatment on action potential characteristics evoked by depolarizing current pulses (Table 1) ( p Ͼ 0.05).
Effects of intracellular manipulations of cGMP levels on basal and evoked activity of striatal MSNs
To examine the influence of tonically active GC on MSN membrane activity, basal and evoked activity were recorded intracellularly in vivo in control neurons (0.5% DMSO; n ϭ 6) and neurons injected with the GC inhibitor ODQ (100 M; n ϭ 5) alone or in combination with cGMP (1 mM; n ϭ 5). Additionally, the influence of the phosphodiesterase (PDE) inhibitor zaprinast (200 M; n ϭ 5) on membrane activity was assessed in a similar manner. To control for potential recording-time effects, measurements were taken at similar time points after injection of vehicle or drug.
Intracellular ODQ injection did not affect the frequency or duration of spontaneous up-state events (Fig. 7 A, B ; Table 2 ) ( p Ͼ 0.05). However, both the amplitude of spontaneously occurring up events (Fig. 7 A, B) (F ϭ 5.1; p Ͻ 0.01; ANOVA with Dunnett's post hoc test; p Ͻ 0.05) and the maximal depolarized membrane potential recorded in the up state (Table 2) (F ϭ 15.8; p Ͻ 0.0001; ANOVA with Dunnett's post hoc test; p Ͻ 0.05) were significantly reduced after ODQ injection. Examination of the responsiveness of neurons to hyperpolarizing current injection delivered in the down state revealed that ODQ treatment induced a significant decrease in input resistance (Table 2) (Q ϭ 2.7; p Ͻ 0.05; ANOVA with Dunn's post hoc test; p Ͻ 0.05). Furthermore, ODQ injection induced a significant increase in the average minimal amplitude of depolarizing current required to elicit action potential discharge (rheobase) compared with neurons recorded in the presence of vehicle (Fig. 8 A, B) (F ϭ 8.5; p Ͻ 0.01; ANOVA with Dunnett's post hoc test; p Ͻ 0.05). There was no significant ϩ20.7 Ϯ 2.9 ϩ18.6 Ϯ 3.2 ϩ13.4 Ϯ 3.6 Duration (msec) 1.1 Ϯ 0.04
All data are means Ϯ SEM from n ϭ 8 -11 neurons. MP, Membrane potential; AHP, afterhyperpolarization. *Statistical significance was determined by comparing aCSF control to drug groups using an ANOVA with Dunnett's post hoc test. a This calculation does not include membrane potential fluctuations contributed by action potentials.
effect of ODQ on membrane potential before current injection (Fig. 8 B) ( p Ͼ 0.05). A significant decrease in the amplitude of the action potential was also observed in neurons recorded during ODQ injection in the absence of other effects on spike characteristics (Table 2 ) (F ϭ 3.8; p Ͻ 0.05; ANOVA with Dunnett's post hoc test; p Ͻ 0.05). In experiments in which cGMP (1 mM) was added to the recording electrolyte along with ODQ, no significant differences in membrane potential characteristics, passive membrane properties, or evoked activity were observed compared with controls ( 
Discussion
The results of the current study indicate that, in the intact animal, tonic NO modulates the spontaneously occurring upand down-state membrane activity of striatal MSNs via the GC-cGMP signaling pathway. Overall, these findings are in agreement with our previous observations showing that intrastriatal infusion of a NO generator increased the spontaneous firing rate of striatal neurons recorded extracellularly in vivo (West et al., 2002a) . The current study greatly extends these findings by revealing that endogenous NO-GC signaling modulates the up-and down-state membrane properties and synaptic responses of striatal neurons exhibiting electrophysiological and morphological characteristics of MSNs. Thus, pharmacological disruption of endogenous NO-GC signaling via the local infusion of a NO antagonist or intracellular application of a GC inhibitor decreased the responsiveness of striatal MSNs to both hyperpolarizing current pulses and excitatory inputs involved in facilitating up events. Furthermore, intracellular injection of a GC inhibitor decreased the responsiveness of MSNs to depolarizing current in a manner that was reversed by coinjection of cGMP. Conversely, augmentation of endogenous intracellular cGMP levels induced via injection of a PDE inhibitor robustly increased membrane excitability. Together, these findings indicate that NO-producing interneurons play an important role in enhancing the membrane excitability of striatal MSNs in vivo via the activation of GC signaling cascades.
Regulation of striatal spiny neuron activity by tonic NO signaling A particularly interesting finding was that both extracellular infusion of the NO scavenger and intracellular injection of the GC inhibitor induced large decreases in the input resistance of MSNs, which were partially reversed via coadministration of cGMP analogs. Currently, little is known regarding the influence of cGMP and PKG on specific ion channels of striatal MSNs. However, previous studies have shown that cGMP analogs depress the activity of brain inwardly rectifying K ϩ channels expressed in Xenopus oocytes (Ito et al., 1997) and inhibit GABA A currents in cultured amacrine cells (Wexler et al., 1998) . Given that the ODQ-induced decrease in input resistance observed in the current study coincided with a decrease in membrane excitability and a hyperpolarization of the membrane potential, it is possible that tonic cGMP levels normally suppress the activity of K ϩ channels in MSNs. Removal of this influence after ODQ injection would increase the membrane permeability of K ϩ and decrease membrane excitability. Although speculative, this increase in membrane permeability could also induce a shunting of Na ϩ ions and lead to the reversible decrease in the amplitude of naturally occurring up states and evoked action potentials observed after ODQ administration.
A role for NO-GC signaling in modulating the membrane activity of MSNs is supported by ultrastructural studies demonstrating that NOS-immunoreactive processes form synaptic contacts primarily on dendritic spine shafts (Calabresi et al., 1999b; Sancesario et al., 2000; Hidaka and Totterdell, 2001 ). MSNs have also been shown to contain high levels of GC, cGMP, PKG (Ariano, 1983) , and dopamine-and cAMP-regulated phosphoprotein-32 (DARPP-32) (Greengard et al., 1999) . Additionally, studies using organotypic cultures have demonstrated that DARPP-32-containing striatal MSNs are innervated by a dense plexus of NOS-positive processes (Gomez-Urquijo et al., 1999) . Studies in vitro have also shown that the NO-dependent stimulation of cGMP-dependent protein kinase activity results in increased DARPP-32 phosphorylation in striatonigral nerve terminals (Tsou et al., 1993) . Recent electrophysiological studies performed in brain slices have demonstrated that this NO-GCmediated increase in DARPP-32 phosphorylation is critically involved in the induction of long-term synaptic depression in corticostriatal pathways (Calabresi et al., 1999a (Calabresi et al., ,b, 2000b .
NO-GC modulation of up-and down-state membrane potential fluctuations and GLUergic neurotransmission
The current in vivo intracellular studies indicate that NO-GC signaling may play a major role in controlling the excitability of striatal neurons from both the up and down membrane potential states. Although the triggering of the up state is known to be dependent on GLUergic inputs (Wilson, 1993; O'Donnell and Grace, 1995; Wilson and Kawaguchi, 1996) , little is known regarding the role of neuromodulators in regulating the amplitude and duration of up events. Given the dual role for GLUergic neurotransmission in generating the depolarized up state in MSNs, and stimulating both spike activity (Kawaguchi, 1993) and NO production in NOS interneurons (Marin et al., 1992; East et al., 1996) , we reasoned that endogenous NO may play a role in regulating the up-and down-state membrane potential characteristics of MSNs. In support of this, antagonists of the NO-cGMP signaling pathway were observed to attenuate the amplitude of spontaneous up events and synaptic responses Ϫ12.5 Ϯ 1.6 Ϫ12.3 Ϯ 2.4 Ϫ12.9 Ϯ 0.4 Ϫ10.9 Ϯ 1.4
All data are means Ϯ SEM from n ϭ 5-6 neurons. MP, Membrane potential; AHP, afterhyperpolarization. *Statistical significance was determined by comparing DMSO control to drug groups using an ANOVA with Dunnett's post hoc test. **Significantly different compared to the ODQ group using an ANOVA with Dunnett's post hoc test. a This calculation does not include membrane potential fluctuations contributed by action potentials.
cGMP in the generation of movement. Moreover, recent studies demonstrate that the activity of striatal NOS is depressed in 6-OHDA-lesioned animals (de Vente et al., 2000; Sahach et al., 2000) , and NOS cell numbers and mRNA are significantly reduced in postmortem parkinsonian brains (Bockelmann et al., 1994; Eve et al., 1998) . The above reports, together with studies showing that NO facilitates both tonic and phasic DA neurotransmission in intact animals (West et al., 2002a) and stimulates L-3,4-dihydroxyphenylalanine release from striatal tissues (Sanchez et al., 2002) , suggest that agents or treatments designed to augment striatal NOS activity may be useful as antiparkinsonian therapies.
